Abstract. Previous studies have measured thoracic Range of Motion (RoM) using either skin-mounted devices or supine CT-imaging and have reported on quite di erent RoMs. Given the inherent shortcomings of measurements of vertebrae movements from the overlying skin, the present study aims to measure normal RoM of the thoracic spine in the sagittal plane using the upright digital radiography. Lateral radiographs of the thoracic spine were obtained from eight asymptomatic male subjects in upright standing and full forward exion using a mobile U-arm digital radiographic system. Total (T1-T12), upper (T1-T6), and lower (T6-T12) thoracic RoMs were measured. A throughout comparison of available skin-based measurements in the literature was carried out. Mean of total (T1-T12) thoracic RoM was 22:5 (SD 4:1 ), most of which was generated by the lower (T6-T12) thoracic spine as compared to upper (T1-T6) thoracic spine (15:5 versus 7:1 , p < 0:001). These RoMs were within the lower range of the data previously reported by other skin-based approaches. While skin-based measurements su er from the inter sensor-skin-vertebra movements and supine imaging techniques do not allow maximal trunk exion, standing radiography remains as the gold-standard technique. Evaluation of thoracic spine RoM has implications in both patient discrimination for diagnosis and in biomechanical models for estimation of spinal loads.
Introduction
Thoracic spine pain is considered as a growing workrelated disease [1, 2] . An epidemiological investigation of a large population of workers in France showed that one fth of female and one tenth of male workers sustained thoracic pain [3] . Results of a survey conducted in Japan revealed that surgeries on the thoracic spine accounted for 11% of all spinal surgeries [4] . Due to e ect of the musculoskeletal disorders and pain on joint movements, evaluation of the sagittal Range of Motion (RoM) of the thoracic spine (i.e., maximum relative vertebral rotation of T1 to T12) can be used as a tool to discriminate between patients and healthy individuals, subsequent diagnostic purposes, and manual therapy treatments of individuals su ering from shoulder outlet impingement syndrome [5] . Moreover, quanti cation of the thoracic spine RoM is important in the musculoskeletal models to estimate spinal loads and, thus, design e ective prevention (ergonomics) programs [6] [7] [8] .
There are three approaches to measuring the sagittal RoM of the thoracic spine. The most common technique is through skin-surface sensors or markers such as marker-camera [9] , electronic inclinome-ter [10, 11] , electromagnetic [12, 13] , and inertial [14] sensors. Such studies su er from the unavoidable movements between skin and vertebra as well as sensor and skin. The second technique involves the use of in vitro cadaveric specimens [15] in which the stabilizing role of some bony passive (e.g., sternum and rib cage) and active (muscles) tissues is excluded, thus resulting in an overestimation of thoracic RoM [14] . The last approach involves medical imaging such as Computed Tomography (CT) [16] . The latter study does not su er from the foregoing shortcomings; however, it has an important limitation, i.e., full exion RoM is not reached as subjects must keep a supine posture during the test.
The above-mentioned studies have measured considerably di erent sagittal T1-T12 RoMs for the thoracic spine varying from 18 to 33 for uprightforward exion [9, 10, [12] [13] [14] 17] and from 32 to 70 for total exion-extension [11, 13, [15] [16] [17] . Although these di erences partly result from dissimilarities in subjects' characteristics (e.g., age and gender), di erent techniques/devices used may also play a role. Moreover, there has been controversy over the contribution of the upper and lower regions of the thoracic spine in generating the total T1-T12 RoM. While our recent study using an inertial tracking device [14] , as well as two other skin-based measurements [13, 15] , indicates that most of the thoracic RoM is produced by the relative rotation of the lower thoracic vertebrae, the CT imaging technique [16] indicates relatively larger RoM at T1-T3 levels as compared to the lower thoracic levels.
A gold-standard database according to which ndings of the existing skin-based measurements for thoracic RoM can be veri ed is missing in the literature. Imaging machines, which provide measurements in the standing posture such as digital radiology, are the gold-standard devices for evaluation of the spinal RoMs. This is because such measurements are based on in vivo images acquired from the vertebra itself rather than the skin surface. The present study, hence, aims to measure sagittal RoMs of the lower (T6-T12), upper (T1-T6), and total (T1-T12) thoracic spine in asymptomatic subjects (from relaxed upright to full voluntary forward exion) using digital radiographic imaging. A throughout comparison of the measurements with the previously reported data using non-radiographic approaches was also carried out. Furthermore, the T1-T12 thoracic kyphosis (Cobb) angle was evaluated in the upright posture, and its correlation with the thoracic RoM was investigated.
2. Materials and methods 2.1. Radiographic system Lateral radiographs of the thoracic spine were obtained using a mobile U-arm digital radiographic system (Sedecal r , X Plus LP Plus, Spain) with a at-panel detector incorporating 43 cm 43 cm eld of view ( Figure 1 ).
Subjects and protocol
Eight asymptomatic non-scoliosis male subjects (28.5 years old (SD 5.7), 176.7 cm (SD 9.1), and 78.2 kg (SD 12.9)) with no history of spinal surgery or recent musculoskeletal pain volunteered for the measurement sessions. Each subject, after being familiarized with the imaging process including the radiation exposure risk, signed an informed consent form. Proper approval to acquire radiographs was acquired from our ethics committee. Volunteers were requested to stand in their neutral upright posture within the U-arm close to the detector with the source and detector in the mediallateral direction (Figure 1 ). Vertical travel and sourceto-image distances were adjusted for each subject based on his body height to have the best eld of view. To allow clear visualization of the thoracic spine in upright posture, arms and shoulders were extended forward. After acquiring an image in this posture, subjects were requested to perform maximal voluntary forward exion with knee extended. The detector height was adjusted to allow the exed thoracic spine to remain in the eld of view of the machine, and a second image was acquired. A third image of the whole cervical spine was also obtained to further help an experienced radiologist identify the T1 vertebra in the images.
Data analysis
The image DICOM (Digital Imaging and Communications in Medicine) les were imported into Mimics r (version 17.0, Materialise, Leuven, Belgium) to digitally measure thoracic RoMs and upright T1-T12 kyphosis angle on a personal computer. A previously- developed approach to measuring sagittal rotation of the lumbar vertebrae from lateral radiographs [18, 19] was used here for the thoracic spine. This method has been described to be independent of distortion, axial rotation, or lateral tilt of the lm or vertebral body as well as to produce minimal inter-and intra-observer variabilities [18, 19] . In brief, ventral and dorsal corners of T1, T6, and T12 vertebrae (as landmarks of maximal distance from the center of area of the vertebral body) were identi ed in both upright and fully exed postures ( Figure 2 ). Ventral and dorsal midpoints between corners 1 and 3 and corners 2 and 4 were subsequently pinpointed, thus allowing for the identi cation of the mid-plane of each vertebra ( Figure 2 ). Variation of the angle between T1 and T12 mid-planes as participants exed forward from their relaxed upright to maximal exion posture was de ned as the total thoracic RoM. The upper (T1-T6) and lower (T6-T12) thoracic RoMs were measured similarly. Moreover, the global T1-T12 Cobb angle (thoracic kyphosis) was measured as the angle formed by the line attaching the two upper corners of T1 (along the upper endplate of T1) and the line attaching the two lower corners of T12 (along the lower endplate of T12). The Cobb angle approach is described to be the most common [20] and gold-standard [21] method for radiographic analysis of the spinal curvatures. When required and before the aforementioned measurements, the Windowing tool of Mimics r was used to enhance the contrast of the vertebrae on the digital radiographic images ( Figure 2 ). All measurements were performed by two trained raters (blind to each other).
Statistical analyses
The Kolmogorov-Smirnov test was used to test normality on the T1-T12 RoM and T1-T12 Cobb angle. The Intra-class Correlation Coe cients (ICC) were calculated to assess inter-rater reliability. Paired t-tests were conducted to compare lower (T1-T6) and upper (T6-T12) RoMs. Spearman's rank correlation coe cient was used to measure rank correlation between the thoracic RoM and Cobb angle.
Results
For two subjects, all measurements were performed based on T2 vertebra, as image clarity at the T1 level was limited due to the overlying osseous structures. The data distribution was found normal. Intraclass Correlation Coe cient (ICC) analysis indicated an excellent inter-rater reliability for both T1-T12 RoM (ICC = 0:88) and Cobb angle (ICC = 0:96) ( Table 1 ). The mean of total (T1-T12) thoracic RoM was 22:5 (SD 4:1 ) (ranged from 17.3 to 29:3 ), of which 15:5 (SD 3:1 ) was generated by the relative exion of T6 to T12 (i.e., T6-T12 RoM) and the remaining (7:1 , SD 1:8 ) by the relative exion of T1 to T6 (i.e., T1-T6 RoM) ( Table 1 ). The measured sagittal T1-T12 RoM was in the lower range of non-radiographic measurement data ( Figure 3 ). For all subjects, lower thoracic (T6-T12) made a greater contribution to produce the total thoracic (T1-T12) RoM as compared with the upper thoracic spine (T1-T6) (p value < 0:001).
The upright T1-T12 Cobb angle ranged from 28 to 45 (38:7 , SD 6:1 ) and fell also within the lower normal range of the reported data in the literature (Figure 4) . A non-signi cant negative correlation was found between the T1-T12 Cobb angle and T1-T12 RoM (r = 0:48, p value = 0:233).
Discussion
This study aimed to measure sagittal RoM of the thoracic spine, whose magnitude based on the skin- based measurements has been somewhat contentious in eight asymptomatic individuals using, for the rst time, the gold-standard upright radiographic images. Mean upright to full exion RoM of the thoracic spine was 22:5 (SD 4:1 ), of which 60% was provided by the relative exion of T6 to T12 (lower thoracic). A throughout review of the literature revealed that the existing non-radiographic (skin-based) measurements generally reported larger thoracic RoMs. Our measurements for the thoracic T1-T12 Cobb angle (38:7 (SD 6:1 )) fell within the lower range of other radiographic and skin-based measurements. The measured T1-T12 RoM and thoracic kyphosis had a non-signi cant negative correlation.
Limitations
The study had some limitations that should be considered when interpreting the ndings. First, analysis of radiographic images su ered from low-clarity images.
For two subjects, we could not properly locate the T1 vertebra due to the overlying bony structures; measurements were thus carried out using the T2 vertebra. Second, due to the invasive nature of the study (risk of radiations), we were obliged by our ethics committee to minimize the number of subjects (agreed on total of 8 subjects), especially that we had to take one additional image (apart from the two images taken from the thoracic spine in upright and exed postures needed for the measurement of RoM) from the cervical spine to allow for the identi cation of T1 vertebra on the image (total of 3 images for each subject). The likely e ect of gender and age could not, therefore, be investigated in the present study. This could have also adversely compromised the power of our statistical analyses. For this reason, a non-parametric correlation test (Spearman's rank correlation) rather than a common Pearson's correlation analysis was conducted to measure rank correlation between the thoracic RoM and Cobb angle. Third, although the Cobb method is the most frequent approach to the evaluation of the spinal curves [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and is also widely recognized as the gold-standard approach in clinical applications [20, 21, 32] , some have questioned its validity due to inherent errors in identi cation of the vertebral mid-plane slopes and in using 2D measurements rather than 3D ones [24] . Other methods for radiologic assessment of the spinal curvatures have been suggested [33] ; however, the Cobb angle remains the clinical standard technique [20] .
Comparison of thoracic RoM with non-radiographic approaches
Few studies have investigated sagittal thoracic RoM. We are unaware of any standing radiographic (or other imaging) assessment of the thoracic RoM. A throughout review of the literature revealed that previous studies used skin-based tools [9] [10] [11] [12] [13] [14] 17] , cadaveric specimens [15] , and CT images in the supine posture [16] to measure thoracic RoM. When comparing the ndings of di erent works for thoracic RoM, one should consider dissimilarities between the methodologies used (e.g., in vivo versus in vitro or inertial sensors versus inclinometer devices), subjects' characteristics, as well as the posture under which RoMs are measured (e.g., standing versus supine or standing-exion RoM versus full extension-exion RoM). Moreover, di erences between ndings of the previous in vivo investigations can be partly due to the lack of a common standard upright or full exion posture. For instance, while we asked participants to ex forward to reach their maximal exion RoM, Troke et al. (1998) [11] asked subjects to ex forward so as to look back through their legs. This could partly explain why they measured relatively larger thoracic RoM (full extension-exion RoM of 70 (SD 16:2 )), while Tully and Stillman (1997) [9] who asked subjects to only touch their toes measured the smallest RoM (upright to exion RoM of 17:8 (SD 8:6 )). Finally, it is to be noted that such comparisons should not be considered as validation or reliability of the methodology used. For the sake of validation of skin-based approaches, one should measure and compare thoracic RoM on the same subjects using both the skin-based and imaging approaches. As for the reliability of skin-based measurements, one should use di erent measurement techniques to evaluate RoM on the same subjects [34] .
Apart from our recent study that measured the sagittal RoM of the thoracic spine in forty healthy young males using inertial sensors [14] , there are ve more studies in the literature that reported on upright to full exion thoracic RoM (Figure 3 ). Our present measurements for the thoracic RoM ranged from 17.3 to 29:3 (22:5 (SD 4:1 )) ( Table 1) and agreed closely with our recent measurements using inertial sensors (20:5 (SD 6:5 )). The measured RoM also fell within the lower range of measurements by other skin-mounted devices (Figure 3 ). The only work that reported smaller RoM as compared to our present and previous [14] investigations was that of Tully and Stillman (1997) [9] (17:8 , (SD 8:6 )) in which full exion posture was the toe-touching posture. There were three studies that reported only full extensionexion thoracic RoM [11, 15, 16] ; thus, their data cannot be directly compared with the present measurements. Nevertheless, full exion-extension thoracic RoM measured in the supine posture using CT images (31:7 (SD 11:3 )) [16] was considerably smaller than and in disagreement with values reported by others ( 58 70 ) [11, 13, 15, 17] as maximal trunk exion cannot be reached in the supine posture.
In agreement with the only in vitro investigation [15] and two skin-based measurements using electromagnetic [13] and inertial [14] tracking devices, yet in disagreement with the CT imaging investigation in supine posture [16] , our ndings showed that lower thoracic spine (T6-T12) made a greater contribution to producing the total thoracic (T1-T12) RoM as compared with the upper thoracic spine (T1-T6) (15:5 (SD 3:1 ) versus 7:1 (SD 1:8 ), p < 0:001). The in vitro study [15] , however, reported relatively larger RoM for the lower thoracic spine, i.e., 12 of full exion-extension RoM for T11-T12 alone that could be due to the fact that the some stabilizing bony structures (sternum and rib cage) and muscles were removed from their cadaveric specimens. Invasive insertion of Kirschner wires into T11 and T12 spinous processes [35] was used to measure a full in vivo T11-T12 exion-extension RoM of only 2:7 that further con rms an overestimation of RoM in the cadaveric specimens.
Comparison of thoracic kyphosis with some (selected) literature
Unlike RoM, normal thoracic kyphosis has been extensively measured using both radiographic and skinbased methods [10, 17, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , and a wide range of data have been reported (Figure 4 ). The normal thoracic kyphosis is accepted in the range of 20 to 50 [22] . Our measurements for the thoracic kyphosis (T1-T12
Cobb angle) ranged from 28 to 45 (Table 1) (38:7 (SD 6:1 )) that fell within the lower range of other measurements ( Figure 4) ; there were only two works that reported smaller thoracic kyphosis [22, 30] ; however, both reported T3-T12 Cobb angle rather than the T1-T12 kyphosis. Our relatively smaller Cobb angle might be partly explained by the young age of our subjects as aging causes a considerable increase in the thoracic kyphosis [17] . In a large population study on 670 young individuals (5-20 years old), the mean of T2-T12 RoM was measured to be 37:6 (i.e., smaller than that measured here) [36] ; according to some investigations, the normal upper limit of T1-T12 kyphosis was 40 [37, 38] . It is also important to note that our valid range of data for the upright T1-T12 thoracic kyphosis assured our proper calculation methodology for the thoracic RoM. This is because the measured thoracic RoM is actually equal to the di erence between thoracic kyphosis (Cobb angles) in upright and full exion postures.
Applications in biomechanical models
Apart from its clinical importance, evaluation of thoracic RoM is also essential in the musculoskeletal models of the spine for estimation of force in muscles and loads on spine joints [6] [7] [8] . Based on the fact that exion RoM of the thoracic spine is relatively smaller than RoM of the lumbar (reported to be 52 in a popular radiographic investigation [39] ), musculoskeletal models generally assume that the whole thorax moves as a single rigid body. The role of ligamentous passive tissues of the thorax in balancing gravity and moments is therefore overlooked in these models. Our recent modeling study [40] indicated that a thoracolumbar musculoskeletal model with a rigid thorax predicted slightly or moderately lower compressive loading (18 to 22% depending on the simulated task) than a exiblethorax model. According to the present ndings, biomechanical models should, therefore, account for 22 of total T1-T12 exion in full forward exion activities. The T1-T12 exion angle increases almost linearly (with trunk exion) as individuals ex forward from the upright posture [14] .
Conclusion
Evaluation of RoM of the thoracic spine has applications in both clinical and biomechanical investigations. For the rst time, standing radiographic measurements of sagittal RoM of the thoracic spine were performed on healthy individuals. A throughout comparison between our gold-standard radiographic data and those measured by non-radiographic (skin-based) approaches reviewed from the literature was carried out. Our measured T1-T12 RoM of the thoracic spine from upright to full voluntary exion (22:5 (SD 4:1 )) were in the lower range of the skin-based measurements and agreed well with our recent measurements (20:5 (SD 6:5 )) using inertial sensors [14] . Upright T1-T12 thoracic kyphosis was also measured (38:7 (SD 6:1 )) and compared with some selected radiographic and skin-based data from the literature. This valid range of data for the upright thoracic kyphosis further con rms the validity of our measured thoracic RoM that is equal to the di erence between the thoracic kyphosis in upright posture and that in full exion posture. 
